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Abstract. Following recent studies evidencing the influence
of deep convection on the chemical composition and ther-
mal structure of the tropical lower stratosphere, we explore
its impact on the temperature diurnal variation in the upper
troposphere and lower stratosphere using the high-resolution
COSMIC GPS radio-occultation temperature measurements
spanning from 2006 through 2011. The temperature in the
lowermost stratosphere over land during summer displays a
marked diurnal cycle characterized by an afternoon cooling.
This diurnal cycle is shown collocated with most intense land
convective areas observed by the Tropical Rainfall Measure-
ment Mission (TRMM) precipitation radar and in phase with
the maximum overshooting occurrence frequency in late af-
ternoon. Two processes potentially responsible for that are
identified: (i) non-migrating tides, whose physical nature is
internal gravity waves, and (ii) local cross-tropopause mass
transport of adiabatically cooled air by overshooting turrets.
Although both processes can contribute, only the lofting of
adiabatically cooled air is well captured by models, making
it difficult to characterize the contribution of non-migrating
tides. The impact of deep convection on the temperature di-
urnal cycle is found larger in the southern tropics, suggesting
more vigorous convection over clean rain forest continents
than desert areas and polluted continents in the northern trop-
ics.
1 Introduction
The tropical tropopause layer (TTL) has long been rec-
ognized as the stratospheric “kitchen”, setting the bound-
ary conditions for tropospheric tracers entering the strato-
sphere. However, the potential impact of the troposphere-
to-stratosphere transport (TST) is highly dependent on the
timescale of the processes involved. Indeed, still debated is
the global contribution of fast overshooting convective up-
drafts on a timescale of hours, compared to the slow as-
cent by radiative heating of the layer above the level of
neutral buoyancy (LNB) on a timescale of months (Sher-
wood and Dessler, 2000, Gettelman et al. 2002; Corti et al.
2005; Fueglistaler et al. 2009). The occurrence of convec-
tive overshoots reaching 20 km with local upward velocities
of up to 50–60 m s−1 has long been known (e.g. Vonnegut
and Moore, 1958; Burnham, 1970; Roach and James, 1972;
Cornford and Spavins, 1973; Fujita, 1992; Danielsen, 1982,
1993). Whereas the existence of cross-tropopause transport
by deep overshooting is generally accepted, its role in TST
had not been assessed until recently since major attention in
this context has been paid to the region of the warm pool
in the west Pacific instead, where the vast majority of field
observations has been carried out. This region was character-
ized by large-scale slow ascent and minimum outgoing long-
wave radiation (OLR) used as a proxy for deep convection.
However as demonstrated by Alcala and Dessler (2002) from
the observations of the precipitation radar (PR) of the Trop-
ical Rainfall Measurement Mission (TRMM), OLR is not a
good indicator of cloud penetration into the stratosphere. In-
deed, in contrast, the TRMM PR indicates higher and more
frequent “overshooting precipitation features” (OPFs) above
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the tropopause over Africa, South America and the Indone-
sian islands than above oceans (Liu and Zipser, 2005, here-
inafter LZ05). Furthermore, the diurnal variation of OPFs
displays a marked maximum in the late afternoon over land
as opposed to maritime convection, which shows very little
diurnal change.
A considerable amount of observational evidence for
cross-tropopause mass transport through convective over-
shooting has been made available by recent field campaigns
in South America, Australia and Africa, revealing penetra-
tion of tropospheric air and ice crystals up to 19–20 km over
land convective systems (Nielsen et al., 2007; Corti et al.,
2008; Khaykin et al., 2009; de Reus et al., 2009; Schiller et
al., 2009). Such convective updrafts of adiabatically cooled
air and ice crystals across the tropopause are well captured by
mesoscale cloud resolving models (Chaboureau et al., 2007;
Jensen et al., 2007; Grosvenor et al., 2007; Chemel et al.,
2009; Liu et al., 2010), but, because of their non-hydrostatic
nature, they are missed by global meteorological and climate
models. The relative importance of the contribution of such
continental convective updrafts compared to their oceanic
counterparts is suggested by the higher concentration of tro-
pospheric trace gases in the TTL above continents reported
by space-borne N2O, CH4 and CO profiles measurements
(Ricaud et al., 2007, 2009). Another indication of the im-
portance of these is provided by the fast cleansing of strato-
spheric aerosols up to 20–21 km altitude resulting from the
injection of clean tropospheric air during the Southern Hemi-
sphere convective season observed by the CALIPSO lidar
(Vernier et al., 2009, 2011).
The influence of deep convection on the thermal struc-
ture of the upper troposphere/lower stratosphere (UTLS) has
been studied by many authors. Gettelman and Birner (2007)
characterized the regional convective temperature signal as
warming of the upper troposphere due to latent heat release
and cooling at TTL levels. Holloway and Neelen (2007)
described the cooling at TTL levels as a natural response
to latent heating, producing hydrostatic pressure gradients
and forcing ascent and adiabatic cooling. A large-scale cold
anomaly near the tropopause is commonly associated with
convectively coupled equatorial waves (e.g. Randel and Wu,
2003; Sherwood et al., 2003; Norton, 2006; Kiladis et al.,
2009) or the Madden–Julian oscillation (Kiladis et al., 2005;
Zeng et al., 2012). There is a considerable amount of ob-
servational evidence of local cooling of the lower strato-
sphere over land convective systems, ranging from 2 K to
10 K (e.g. Johnson and Kriete, 1982; Danielsen, 1993; Sher-
wood and Dessler, 2003; Pommereau and Held, 2007; Cairo
et al., 2010; Biondi et al., 2012). However the contributions
of various processes to the TTL thermal structure are still
unclear.
The question addressed by the present study is how deep
convection could influence the thermal structure of the TTL
and the LS on a diurnal scale. The diurnal oscillations in
the atmosphere are termed solar atmospheric tides, which
represent global-scale waves with periods that are harmon-
ics of the solar day (Chapman and Lindzen, 1970). The
tides are classified as migrating and non-migrating types,
both generated in the tropical troposphere and propagating
as internal gravity waves transporting energy up and away
from their source region. The amplitude of the vertically
propagating oscillations increases with altitude. The migrat-
ing tides, which propagate westward with the apparent mo-
tion of the sun, are primarily excited by the zonally sym-
metric absorption of solar radiation by tropospheric mois-
ture and stratospheric ozone. The non-migrating tides (non-
sun-synchronous modes, which can propagate either west-
ward or eastward or stay stationary) are generated by zon-
ally asymmetric thermal forcing such as planetary boundary
layer heat flux, latent heat release in the tropical troposphere
or non-linear interactions between tides and other propagat-
ing waves (Teitelbaum and Vial, 1991; Williams and Avery,
1996; Hagan and Forbes, 2002; Lieberman et al, 2004; Ober-
rheide et al., 2002). Migrating tides are mainly upper atmo-
spheric features, where for example the amplitude of the di-
urnal temperature cycle exceeds 20 K at 115 km (Zhang et
al., 2006). They are well understood and comprehensively
documented in many observational and theoretical studies,
and well represented in global ECMWF and NCEP meteo-
rological models (Pirscher et al., 2010). In contrast, the non-
migrating tides, particularly in the UTLS region, are poorly
documented and their sources and behaviors are still not well
known. Indeed, the available ground-based observations do
not allow separation of migrating and non-migrating tides
(Pirscher et al., 2010, and references therein). A significant
progress in tide studies has been achieved thanks to the GPS
radio-occultation (RO) technique utilized by the CHAMP
(CHAllenging Minisatellite Payload) mission and the sub-
sequent, more elaborated COSMIC mission, providing high-
resolution temperature profiles in the UTLS. Several studies
of the temperature diurnal cycle associated with migrating
tide in the stratosphere at low and mid-latitudes are available
(e.g. Zeng et al., 2008; Xie et al., 2010; Pircher et al., 2010)
but noticeably never distinguishing between continents and
oceans.
Here we investigate the temperature diurnal cycle in the
tropical UTLS and its possible connection with deep con-
vection, using a 6 yr 3-dimensional temperature data set pro-
vided by the COSMIC GPS RO mission. The geographical
distribution of the temperature diurnal cycle is character-
ized and compared to that of deep convection provided by
the TRMM PR overshooting precipitation features (OPFs).
Since many spectral analyses of atmospheric tides at the
global scale are already available in the literature, they will
not be repeated here, and the study will focus on the spatio-
temporal distribution of the temperature diurnal cycle. The
paper is organized as follows. Section 2 provides a descrip-
tion of the COSMIC RO data set and the methodology used.
The results are described in Sect. 3, followed by a discussion
in Sect. 4 and a summary of conclusions in Sect. 5.
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2 Data and methodology
The data used are the temperature profiles derived from the
six micro-satellites of the FORMOSAT-3/COSMIC mission
(Formosa Satellite Mission-3/Constellation Observing Sys-
tem for Meteorology, Ionosphere and Climate) (Anthes et
al., 2008) launched in April 2006 jointly by NASA and Tai-
wan’s National Space Organization. The occultation system
comprises six low-orbiting satellites evenly distributed in
space providing a spatial coverage of 1500–2500 occulta-
tions per day. GPS RO measurements are intrinsically cali-
brated and stable in the long term (Steiner et al., 2009). They
feature best quality in the upper troposphere and lower strato-
sphere between 10 and 25 km altitude (Scherllin-Pirscher et
al., 2011b), high accuracy and precision (< 1 K for tempera-
ture), as well as high vertical resolution varying from 0.2 km
in the troposphere to 1.4 km in the stratosphere (Kursinski et
al., 2000; Anthes et al., 2008). Insensitive to clouds and pre-
cipitation, the GPS RO technique provides all-weather obser-
vations with global coverage and diurnal sampling capability.
The primary product of the GPS RO technique is the bend-
ing angle as a function of tangent height, from which the
profile of refractivity can be retrieved from the top of the at-
mosphere down to the troposphere using the so-called onion-
peeling approach. The temperature and humidity profiles can
then be further retrieved from the refractivity (Rocken et al.,
1997). Extensive validation of the RO measurements against
other observations and models as well as error estimations
have been carried out by several authors (e.g., Kuo et al.,
2004; Schreiner et al., 2007, Scherllin-Pirscher et al., 2011a,
b). The total climatological error in dry temperature esti-
mated by Scherllin-Pirscher et al. (2011a) amounts to 0.15 K
between 10 km and 20 km altitude and increases exponen-
tially to about 0.4 K at 35 km. The uncertainties may be
higher for the measurements in the strong convective sys-
tems, since the model used for temperature retrieval may not
properly account for the vertical moisture transport.
The data used here are the COSMIC GPS RO level 2 data
products called wetPrf (wet profile), which is an interpolated
product of 100 m vertical resolution obtained by the one-
dimensional variational (1DVar) technique, where the refrac-
tivity is weighted in such a way that the resulting temperature
is the same as the dry temperature in the regions of insignif-
icant water content (Biondi et al., 2011). The data include
latitude and longitude of the tangent point, pressure, temper-
ature, water vapor pressure, refractivity and altitude of the
perigee above sea level. The data in NetCDF format are avail-
able from the CDACC (COSMIC Data Analysis and Archive
Center) website hosted by the University Corporation for At-
mospheric Research (UCAR).
The COSMIC data used in this study span from 2006
through 2011, whereas the analysis was restricted to solstice
months, i.e., austral summer (DJF) and boreal summer (JJA)
at low latitudes between 25◦ S and 25◦ N. The interpolated
profiles are indexed with respect to the tangent point lati-
tude and longitude at 17 km altitude, the mean altitude of the
tropical cold point tropopause (CPT). The diurnal variation
of temperature is examined by looking at its anomaly com-
pared to the daily mean profile within the 10–35 km altitude
range.
3 Observational results
The temperature diurnal cycle in the tropics is first examined
using the zonal-mean temperature anomaly between 10 and
35 km altitude in the southern and northern tropics during
DJF and JJA, respectively, as well as the latitude–height dis-
tribution of the temperature diurnal amplitude between 25◦ S
and 25◦ N. The influence of continents on the diurnal cycle
is then characterized by plotting the difference between land
and oceanic areas. Finally, the impact of convective and non-
convective regions on the phase and amplitude of the temper-
ature diurnal cycle in the mid- and lower stratosphere and the
differences between the Northern (NH) and Southern (SH)
hemispheres are explored using Hovmoller plots of the diur-
nal cycle in the austral and boreal summers.
3.1 Zonal-mean profile of temperature diurnal cycle
Figure 1 shows the altitude distribution of zonally averaged
diurnal temperature anomalies in the northern (0–25◦ N) and
southern (0–25◦ S) tropical belts in JJA and DJF. The tem-
perature variations of largest amplitude are observed around
30 km, gradually decreasing below. Both NH and SH tropics
show a downward progression of diurnal temperature anoma-
lies of 24 h period, shifted downward in the summer com-
pared to the winter in both hemispheres. A notable enhance-
ment in amplitude is shown in summer in both hemispheres
around 17–20 km, which is more prominent in the south than
in the north. A late-afternoon cooling and a nighttime–early-
morning warming characterize the temperature cycle in this
region. A further amplitude enhancement is observed in the
summer in the upper troposphere below 15 km, displaying a
minimum between 03:00 and 07:00 LT and a maximum in
the early evening between 18:00 and 22:00.
The downward phase propagation of the temperature
anomalies in the mid-stratosphere is the well-known signa-
ture of migrating tides already reported by previous studies
exploiting COSMIC data and showing an increase of ampli-
tude with height and a local maximum in winter (Pirscher et
al., 2010; Xie et al., 2010). The temperature diurnal cycle in
the lower stratosphere in local summer, of larger amplitude
in the SH, is out of phase with the upper-tropospheric diurnal
cycle, which displays a late-afternoon warming due to latent
heat release during the development phase of convection fol-
lowed by a nighttime cloud radiative cooling.
Figure 2 displays the altitude/latitude distribution of the
diurnal temperature cycle amplitude in DJF and JJA within
the full 25◦ N–25◦ S tropical belt. The elevated amplitudes
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Fig. 1. Zonally averaged temperature diurnal anomalies in the northern (top) and southern (bottom) tropical belts (25◦ N–0◦ and 0–25◦ S) in
DJF (left) and JJA (right). Black and gray dashed lines denote mean CPT and LRT levels respectively.
 
Fig. 2. Zonal-mean temperature diurnal amplitude between 25◦ N and 25◦ S in DJF (left) and JJA (right).
above 26 km are the manifestation of migrating tide. The ver-
tical structure, the amplitude and the winter maximum of the
tide fully agree with those derived from the CHAMP (Zeng
et al., 2008) and COSMIC data (Pirscher et al., 2010; Xie
et al., 2010), and the simulations of the Canadian Middle
Atmosphere Model (McLandress, 2002). According to these
authors, the seasonal variation is attributed to an interference
of latitudinal symmetric and anti-symmetric vertically prop-
agating modes of waves with different vertical wavelengths.
The NH summer shows an additional diurnal cycle enhance-
ment around 23–25 km, not seen in the SH summer, which is
discussed in Sect. 3.4.
A lower thin layer of 0.8 K amplitude is observed in the
lowermost stratosphere within 10◦ S–2◦ N between the CPT
and 20 km in DJF, and of 0.6 K within 2◦ S–5◦ N in JJA but
around 19–20 km only. The local maximum in amplitude in
the season when the migrating tide is weakest suggests an
additional mechanism other than the migrating tide. Another
noticeable feature is the larger amplitude and wider latitude
extension of the diurnal cycle in the NH upper troposphere
compared to the SH.
Overall, the vertical structure of the temperature diurnal
variation exhibits three amplitude enhancements: (i) a broad
one above 26 km, maximizing in the winter; (ii) a thin lo-
cal maximum between 17 and 20 km in the summer only of
larger amplitude in the south; and (iii) an upper tropospheric
enhancement in the summer hemisphere of larger amplitude
in the NH. Whereas the migrating tide origin of the enhanced
amplitude above 26 km and that of the latent heat release and
radiative cooling of the troposphere are well understood, the
cause of the sharp local maximum in the lower stratosphere
during the convective summer season is less clear. The ques-
tion is whether this cycle is uniform in longitude or depen-
dent on the land–ocean distribution.
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Fig. 3. Difference between diurnal temperature anomalies above land and oceans in DJF in the SH (left) and in JJA in the NH (right), where
land and oceanic domains are defined as areas of highest and lowest TRMM PR OPF occurrence frequency (Liu and Zipzer, 2005). Black
and gray dashed lines denote CPT and LRT levels above land areas.
3.2 Difference between temperature diurnal cycle above
continents and oceans
An answer to this question is provided by the difference
between the temperature diurnal variations over land and
oceans in the SH and NH summers shown in Fig. 3. In the
mid-stratosphere the signatures of the zonally invariant mi-
grating tides are removed, indicating that these are indepen-
dent of the geographical distribution of continents in both
hemispheres. In the SH tropical summer (left of Fig. 3) the
only altitude region where the difference is significant is the
UTLS. The afternoon tropospheric warming between 13:00
and 18:00 and the cooling between 03:00 and 10:00 are
larger over land. The afternoon LS cooling between 15:00
and 20:00 at 17–21 km, drifting downward during the night,
is on average 0.6 K larger over continents than over oceans.
The picture in JJA in the NH is somewhat different. The
UTLS afternoon cooling is of smaller amplitude in the NH
not displaying downward propagation, whereas the late-night
warming is shifted to the mid-morning. In addition, the NH
JJA plot exhibits a diurnal cycle in the mid-stratosphere at
23–26 km, which is absent in SH DJF.
3.3 Zonal variation of temperature diurnal cycle in the
UTLS
For better understanding of the land/ocean differences and
their possible origin, Fig. 4 shows a Hovmoller geodiurnal
diagram of the diurnal temperature anomaly within a 1.5 km
layer above the local CPT in the SH and NH summer trop-
ical belts. The geodiurnal temperature pattern in the SH in
DJF on the left of Fig. 4 shows systematic afternoon cool-
ing followed by nighttime warming over central Africa and
Amazonia and, of lesser amplitude, over northern Australia–
Indonesian islands and the west Pacific. Remarkably, the
continental cold and warm anomalies extend westward to the
adjacent oceanic areas.
The geodiurnal temperature pattern in NH JJA is signif-
icantly different from that of SH DJF, displaying three di-
urnal cycle regimes: (i) a land-convective-type cycle over
west Africa similar to that observed above SH continents in
DJF and over northern South America but of smaller am-
plitude, (ii) an oceanic-type cycle with a nighttime warm-
ing and a morning cooling, and (iii) a semi-diurnal cycle
with eastward-propagating warm and cold anomalies above
South Asia and the bay of Bengal during the monsoon sea-
son. Geodiurnal patterns at higher levels show that the latter
cycle is limited to 17–19 km altitude. Overall, the Hovmoller
diagrams in Fig. 4 indicate that the diurnal cycles of largest
amplitude in the lower stratosphere are observed above land
areas during the summer convective season and of signifi-
cantly larger amplitude in the Southern Hemisphere. But a
still-open question is which process is responsible.
Figure 5 displays the geographical distribution of the tem-
perature difference in a 1 km-thick layer above the local CPT
between the late afternoon (18:00 ± 02:00) and the morning
(10:00± 02:00), the periods of maximum and minimum con-
vective activity over land (LZ05). The COSMIC profiles are
binned into 5◦× 5◦ boxes, each comprising over 300 profiles
on average. Also shown in Fig. 5 is the geographical distri-
bution of frequency of occurrence of TRMM PR overshoot-
ing precipitation features above 14 km adopted from LZ05.
The coincidence between the location of late-afternoon cool-
ing and overshooting convection above continental areas is
nearly perfect in DJF. The largest OPF frequency and the
largest afternoon cooling are observed over Africa and South
America. Although more dispersed and of smaller ampli-
tude, collocated cooling features and OPFs are also observed
over Indonesian islands and northern Australia. In JJA the
afternoon cooling features are seen over convective areas of
central and west Africa, northern South America, Indone-
sian islands and the west Pacific, but absent over the con-
vective Central America and India. In summary, significant
www.atmos-chem-phys.net/13/6391/2013/ Atmos. Chem. Phys., 13, 6391–6402, 2013
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Fig. 4. Geodiurnal variation of temperature anomaly between 0–25◦ S and 0–25◦ N during the local summer in DJF (left) and JJA (right) in a
1.5 km-thick layer above the local CPT. Land areas are enclosed in black rectangles corresponding to the continent limits shown on the maps
on the right of the diagrams. 
Fig. 5. Comparison between geographical locations of late-afternoon cooling in the 1 km-thick layer above the local cold point tropopause
(2nd and 4th panels) and TRMM OPF density number above 14 km (1st and 3rd panels, adapted from LZ05). Top panels: DJF; bottom:
JJA. The OPF frequency of occurrence is in units per thousand in each bin divided by the TRMM 3A25 total pixel number for removing
the sampling bias. The color scale of the cooling is the value of the mean difference between late afternoon (18:00± 02:00) and morning
(10:00± 02:00) temperatures.
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Fig. 6. Geodiurnal variation of temperature anomaly between 0–25◦ S and 0–25◦ N during the local summer in DJF (left) and JJA (right) in
a layer between 23 and 26 km altitude. Land areas are enclosed by black rectangles corresponding to the continent limits shown on the maps
on the right of the diagrams.
afternoon cooling in the lower stratosphere is confined to
the land convective areas and larger over southern continents
compared to northern ones.
3.4 Temperature diurnal cycle in the mid-stratosphere
The difference between land and ocean diurnal temperature
anomalies in Fig. 3 exhibits a diurnal cycle, characteristic
of an early-morning cooling and an afternoon warming in
the mid-stratosphere around 23–26 km during the NH sum-
mer, which is absent in the SH summer. The geodiurnal tem-
perature variations at this level are shown in Fig. 6. The SH
summer displays a late-evening temperature maximum and a
noontime minimum over Africa, the east Atlantic and South
America, implying a warming during late afternoon, but little
diurnal change in the Pacific and the Indian Ocean. The pat-
tern is different in the northern tropics during JJA, showing
a strong daytime warming of 1.1 K peak-to-peak amplitude
over the Sahara and Saudi Arabian desert regions and, though
of lesser amplitude, over the South Asian monsoon region.
The large amplitude and longitudinal extension of the diur-
nal cycle over deserts strongly weight the zonal-mean land–
ocean difference in the NH shown in Fig. 3, which is not the
case for SH tropics of smaller desert areas.
The daytime warming of the mid-stratosphere over deserts
is attributed to long- and shortwave radiation absorption by
ozone at the altitude of its maximum concentration. It is due
to the large OLR diurnal increase from 290 W m−2 in the
early morning to 370 W m−2 in the afternoon after the solar
heating of the desert surface (Schmetz and Liu, 1988; Smith
and Rutan, 2003) and the noontime maximum of shortwave
solar light reflected by 0.31 albedo at 630 nm (Harrison et al.,
1990; Minnis and Young, 2002). The observed 1.1 K peak-
to-peak amplitude of the daytime heating around 23–26 km is
consistent with the radiative model calculations of Gettelman
et al. (2004).
Of similar radiative origin, but of lesser amplitude and
shifted in time, are the mid-stratosphere diurnal cycles over
Africa and South America during the SH summer and In-
dia during the monsoon season. The morning cooling over
these areas coincides with the OLR drop during the develop-
ment phase of convection and the fast afternoon heating, and
the period of maximum solar light reflection of cloud anvils.
The smaller amplitude of the diurnal cycle over oceanic con-
vective regions is consistent with the little diurnal change of
maritime convection.
In summary, the mid-stratosphere temperature diurnal cy-
cle is fully consistent with the radiative heating of the ozone
layer by short- and longwave radiation diurnal variations
varying with the nature of the surface and the cloud cover.
4 Discussion
The COSMIC data analysis reveals a variety of temperature
diurnal cycles of different origins in the tropical upper tropo-
sphere and stratosphere. Those of the upper stratosphere are
dominated by the signature of migrating tide, responsible for
the zonally invariant diurnal cycle above 26 km. The diurnal
cycle in the upper troposphere originates from the convec-
tive latent heat release in the afternoon followed by radiative
cooling at night. The mid-stratosphere cycle of maximum
amplitude over desert areas is explained by the diurnal mod-
ulation of radiative heating at the altitude of the maximum
ozone concentration by absorption of short- and longwave
radiation, reflected and emitted by the surface. The only re-
maining open question is the mechanism responsible for the
diurnal variation in the lower stratosphere of maximum am-
plitude over land convective areas. The spatial and temporal
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collocation of the afternoon cooling with the development
phase of land convection suggests a process directly linked
with the latter.
The colder TTL above convective areas is a well-known
feature, reported by many authors quoted in the introduction,
but notably with little reference to a possible difference be-
tween land and oceans, where convection characteristics are
totally different. Although the cooling is generally attributed
to convectively coupled equatorial Kelvin and Rossby waves,
they cannot result in a diurnal cycle, since their periods ex-
ceed 24 h. The same applies to gravity waves of 24 h period,
which are normally non-synchronous to local time (Tsuda et
al., 1994). Thus, the only remaining processes which could
generate a diurnal cycle over land convection are (i) non-
migrating tides, whose physical nature is internal gravity
waves and (ii) local cross-tropopause transport of adiabati-
cally cooled air by overshooting towers.
4.1 Origin of temperature diurnal cycle in the lower
stratosphere
While the non-migrating tide is well known to be induced
by convective latent heat release in the troposphere, its effect
is mainly identified at levels above 40 km. Several authors
have found a manifestation of non-migrating tides in the
lower stratosphere winds (e.g. Tsuda et al., 1994); however,
no information regarding the thermal response to these tides
has been provided. Alexander and Tsuda (2008) and Zeng et
al. (2008) report a local maximum in amplitude of temper-
ature diurnal variation in the tropical lower stratosphere at
local and global scales but without explicit information on
the responsible process. As can be seen in Fig. 1, the de-
scending warm and cold phase fronts are nearly continuous
from the upper stratosphere, where migrating tides are dom-
inant, down to the lowermost stratosphere, where the ampli-
tude of this oscillation is significantly enhanced. This feature
can be attributed to an interaction between zonally invariant
migrating tide and convectively induced non-migrating tides,
confined over land areas. In addition, according to Tsuda et
al. (1994) the non-migrating tides are characterized by high-
order modes of small vertical scale, rapidly dissipating dur-
ing their upward propagation in a strong wind shear near the
tropopause, which could explain the restriction of temper-
ature response to the lower stratosphere. Another dynami-
cal feature is reflected by the zonal propagation of tempera-
ture anomalies seen in the UTLS geodiurnal pattern (Fig. 4),
showing an extension of the land diurnal cycle over the ad-
jacent oceans with a small phase shift. A very similar effect
was detected in brightness temperature by Yang and Slingo
(2001), who tentatively attributed it to gravity waves of vary-
ing depth.
Another process involving wave activity above convective
systems is the breaking of gravity waves, generated by thun-
derstorms on top of their overshooting domes (Alexander et
al., 1995; Lane et al., 2001, 2003), leading to the forma-
tion of “jumping cirrus” reported by Fujita (1992). As shown
by Wang (2004) using a three-dimensional non-hydrostatic
cloud model, this process leads to an irreversible diabatic
transport of tropospheric materials at 8 m s−1 vertical ve-
locity up to 3–4 km above the cloud anvil, that is, at about
17–18 km altitude in the tropics. However no information is
available on the possible impact of such an event on the ther-
mal structure of the lower stratosphere, although it is con-
ceivable that these gravity waves could contribute to the gen-
eration of non-migrating tides.
Finally, a very well known and fully understood pro-
cess resulting in a strong cooling of the lower stratosphere
is the lofting of adiabatically cooled air by overshooting
turrets, followed by turbulent mixing with warmer strato-
spheric air, a process suggested and further demonstrated
by Danielsen (1982), and confirmed by many other studies
quoted in the introduction. Successfully reproduced by non-
hydrostatic cloud resolving models (e.g. Chaboureau et al.,
2007; Grosvenor et al., 2007; Liu et al., 2010), these updrafts
of 35 m s−1 to 80 m s−1 vertical velocity result in local in-
jection of adiabatically cooled air into the lower stratosphere
and a local cooling by e.g. 21 K at 18.2 km in the case sim-
ulated by Jensen et al. (2007). The turbulent mixing may be
enhanced by the gravity wave breaking, which results in a
vertical extension of the mixing layer (Lane et al., 2003).
The colder and heavier air masses, having been detrained
in the LS, then descend, resulting in an adiabatic heating of
the layer. Considering the late-afternoon maximum of land
convection, such a process could partly explain the vertical
structure of convectively driven diurnal variation (Fig. 3). It
should be noted, though, that since overshooting events are of
small spatial scale (typically 10 km) and short duration (10–
20 min), their impact on the thermal structure of the lower
stratosphere at a larger scale will depend on their occurrence
frequency. According to Iwasaki et al. (2010), the total num-
ber of overshoots penetrating the level of 380 K above the
tropical continents and the warm pool is 7× 106 per year as
estimated from CloudSat radar observations.
An important consideration regarding the adiabatic cool-
ing process is the altitude reached by overshoots, which de-
fines the top altitude of the direct influence of the tropo-
sphere, i.e., the top of the TTL. Though the probability of
an overshoot reaching a given level decreases exponentially
with height (LZ05), the amplitude of the cooling increases
with the altitude of detrainment. The COSMIC RO temper-
atures show an average maximum cooling at 19.2 km, i.e.,
2 km above the mean CPT during the SH summer. This alti-
tude is consistent with the observations of geyser-like injec-
tions of ice crystals up to the same level and the zonal-mean
convective cleansing of the aerosols in the SH lower strato-
sphere by injection of clean air up to 20 km (see introduc-
tion).
In summary, both non-migrating tides and overshooting
updrafts may be responsible for the temperature diurnal cy-
cle above deep convective areas. The fundamental difference
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between them is the nature of the process, energy transfer
for the first and mass transfer for the second. Thus, the re-
sponse to tidal oscillations may occur higher in the strato-
sphere and distant horizontally from the most active thun-
derstorm regions, whereas the impact of overshooting would
be limited to the maximum altitude of the updrafts around
19–20 km. Currently, the convective overshooting process is
adequately reproduced by mesoscale cloud models, whereas
model representation of non-migrating tides is still problem-
atic. The investigation of their relative contributions would
require synoptic-scale modeling, allowing cross-tropopause
convective transport and/or simulation of lower stratospheric
temperature response to non-migrating tides.
4.2 Difference between northern and southern tropics
An unexpected finding of the COSMIC RO temperature anal-
ysis is the larger amplitude of the diurnal cycle over land in
the lower stratosphere in the tropical southern summer com-
pared to the northern. Remarkably, this is consistent with the
more efficient cleansing of the aerosols reported by Vernier et
al. (2011) and the higher concentration of tropospheric trace
gases concentrations (Ricaud et al., 2009) in the lower strato-
sphere in austral summer compared to boreal summer, im-
plying a more vigorous convection in the southern tropics.
This conclusion is consistent with that derived by Zipser et
al. (2006) and Liu and Zipser (2009) from the TRMM PR
observations, indicating higher OPF frequency, that is, more
vigorous convection above the Congo basin in central Africa
and Amazonia during the austral summer than anywhere in
the boreal summer.
5 Summary
The six-year COSMIC RO temperature profiles have been
used to characterize the temperature diurnal variation in the
tropical UTLS and investigate its relationship with land con-
vection. The analysis reveals a signature of the well-known
migrating solar tide in the upper stratosphere above 26 km
altitude and specific diurnal cycles at several levels below:
between 23–26 km in the mid-stratosphere; between the cold
point tropopause and 20 km; and in the upper troposphere.
While the upper-level migrating tide signal is shown to be in-
dependent of the geographical distribution of continents, all
others are found enhanced above land compared to oceans.
The mid-stratosphere diurnal cycle over the Sahara and Saudi
Arabian deserts is explained by the radiative heating of the
ozone layer modulated by a strong diurnal cycle of longwave
radiation and reflected sunlight, specific to these regions.
In the TTL and lowermost stratosphere the temperature di-
urnal cycle, characterized by an afternoon cooling, is found
collocated in space and time with land convective systems
developing in the afternoon during the summer as detected
by the TRMM precipitation radar. The largest LS temper-
ature cycle is observed above Africa, South America and
Indonesian islands in austral summer and of lesser ampli-
tude above west Africa and northern South America in boreal
summer. The late-afternoon cooling between the tropopause
and 20 km altitude over land is shown unambiguously cou-
pled with land convection, and two mechanisms are invoked.
The first is non-migrating tides generated by convective dia-
batic heating, possibly interacting with migrating tides, and
gravity waves. Such process implies energy transfer only.
Another mechanism involving in contrast mass transport,
well reproduced by the mesoscale models, is the systematic
injection and turbulent mixing of adiabatically cooled air by
cross-tropopause updrafts. The reality of this hypothesis is
strengthened by the many recent observations of ice crys-
tals, tropospheric trace gases and clean air injections into the
lower stratosphere, all of them requiring transfer of mass and
not of energy only. An alternative way of cross-tropopause
mass transport, but of diabatic nature, is gravity wave break-
ing atop severe thunderstorms, enhancing turbulent mixing
and producing “jumping cirrus”. Both non-migrating tides
and overshoots may contribute to the observed temperature
diurnal cycle, although overshoots only are adequately repro-
duced by models. Quantifying the relative contributions of
these processes would require a convection-permitting mod-
eling study over a large domain.
The further information delivered by the COSMIC RO
temperatures is the larger impact of convection in the south-
ern tropics compared to the northern, which, together with
the similar conclusions for trace gases and clean air injec-
tions, would imply more vigorous overshooting over SH land
areas.
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